Abstract-Oxidative stress is considered a major contributor in the pathology of multiple sclerosis (MS). Acrolein, a highly reactive aldehyde byproduct of lipid peroxidation, is thought to perpetuate oxidative stress. In this study, we aimed to determine the role of acrolein in an animal model of MS, experimental autoimmune enchephalomyelitis (EAE) mice. We have demonstrated a significant elevation of acrolein protein adduct levels in EAE mouse spinal cord. Hydralazine, a known acrolein scavenger, significantly improved behavioral outcomes and lessened myelin damage in spinal cord. We postulate that acrolein is an important pathological factor and likely a novel therapeutic target in MS.
Multiple sclerosis (MS) is a severely debilitating neurodegenerative disease marked by progressive demyelination and functional loss in the central nervous system (Gold et al., 2006; Compston and Coles, 2008) . Oxidative stress resulting from inflammation is known to play a critical role in demyelination, a major pathology in MS (Smith et al., 1999; Gilgun-Sherki et al., 2004) . However, conventional free radical scavengers have been unsuccessful at preventing disease development or progression (Smith et al., 1999; Gold et al., 2006; Compston and Coles, 2008) . Hence, a priority in MS research is to improve understanding of the mechanisms of oxidative stress and thereby identify novel, more effective therapeutic targets.
Acrolein, a reactive ␣,␤-unsaturated aldehyde, is a product of oxidative stress and lipid peroxidation (Esterbauer et al., 1991; Kehrer and Biswal, 2000) . It is also a powerful toxin that has been shown to damage proteins, lipids, and DNA, as well as to generate more free radicals (Esterbauer et al., 1991; Uchida et al., 1998a; Kehrer and Biswal, 2000; Shi, 2004, 2005; Luo et al., 2005b) . Acrolein is both a product and catalyst for lipid peroxidation that is capable of inducing a vicious cycle of oxidative stress, dramatically amplifying the effects (Esterbauer et al., 1991) .
Furthermore, acrolein remains active in the body for several days (Ghilarducci and Tjeerdema, 1995) while more commonly studied oxidative species decay within seconds (Halliwell and Gutteridge, 1999) . Therefore, we hypothesize that acrolein is a key factor in perpetuating oxidative stress, causes progressive myelin damage and functional loss, and that acrolein is a potential novel target for MS therapeutics.
The purpose of the current study is to examine the role of acrolein in the pathogenesis of MS using a well-established animal model of MS. Experimental autoimmune encephalomyelitis (EAE) was induced in mice, and acrolein levels were determined in control and experimental groups. Hydralazine, known to be an effective acrolein scavenger, was used to trap acrolein, which was significantly increased when the behavioral deficits emerge in EAE mice. Hydralazine treatment substantially alleviated MS motor deficits, accompanied by anatomical improvements, and tended to lower acrolein levels in spinal cord tissue.
EXPERIMENTAL PROCEDURES Animals
C57BL/6 female mice (8 weeks old) were purchased from Harlan Laboratories (Indianapolis, IN, USA) and were maintained in the laboratory animal housing facilities. These studies were performed in compliance with the Purdue Animal Care and Use Committee protocol guidelines at Purdue University, West Lafayette, IN, USA.
Induction of EAE
Nine-twelve week old mice were subcutaneously injected with 0.1 ml MOG 35-55 /CFA emulsion (EK-0115, Hooke Laboratories, Lawrence, MA, USA) in the neck and lower back (total of 0.2 ml). Within 2 h of the injection, 0.1 ml pertussis toxin (EK-0115, Hooke Laboratories) was administered intraperitoneally. A second dose of pertussis toxin of the same volume was given 22-26 h later. The behavioral performance was assessed using a well established 5-point behavioral scoring system (Kalyvas and David, 2004) . The animals were placed on a metal grate and their walking ability was recorded. The scoring system is as follows: 0 -no deficit; 1-limp tail only; 2-hind limb paresis but without leg dragging; 3-partial hind limb weakness with one or both legs dragging; 4 -complete hind limb paralysis; 5-moribund, paralysis in hind limbs and possibly in one forelimb. The animals were monitored and assessed three times during the first week and then assessed daily for the remainder of the study.
Hydralazine treatment
A solution of hydralazine hydrochloride (Sigma, St. Louis, MO, USA) was prepared with phosphate buffered saline. The solution was then sterilized through a filter and stored at 4°C. Hydralazine (1 mg/kg) was administered through daily intraperitoneal injections from the day the MOG/CFA emulsion was administered until the end of the 30 day study period. For sham treatments, mice were administered saline intraperitoneally rather than the hydralazine solution. Blood pressure was monitored using a CODA 2 system (Kent Scientific Corporation, Torrington, CT, USA).
Detection of acrolein-lysine adducts by immunoblotting
Acrolein-lysine adducts in the tissue homogenate was measured using a Bio-Dot SF Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA), as previously described (Luo et al., 2005a; Shao et al., 2006; Hamann et al., 2008a) . Briefly, the tissue was homogenized with TritonX-100 (3%), and the following anti-proteases were added: 2 mmol/L pefabloc, 15 lmol/L pepstatin A, 20 lg/ml aprotinin, and 25 lg/ml leupeptin. The solution was centrifuged to pellet large pieces of tissue and the supernatant was stored at -80°C until transferred to a nitrocellulose membrane. The membrane was blocked for 1 h in blocking buffer (0.2% casein and 0.1% Tween 20 in PBS) and transferred to 1:1000 polyclonal rabbit anti-acrolein (in blocking buffer with 2% goat serum and 0.025% sodium azide) (Novus Biologicals, Littleton, CO, USA) for 18 h at 4°C. Next, the membrane was washed in blocking buffer and then transferred to 1:10000 alkaline phosphatase conjugated goat antirabbit IgG. It was then washed in blocking buffer followed by 0.1% Tween 20 in Tris-buffered saline. The membrane was exposed to Bio-Rad Immuno-Star Substrate (Bio-Rad) and visualized by chemiluminescence.
The optical density of bands was evaluated using Image J (NIH) and statistical comparison was performed with SAS 9.2 (SAS institute). Specifically, equal areas of each individual immunoblotted band of both anti-acrolein and anti-actin samples were selected and corresponding optical densities were obtained using Image J. The optical densities obtained from the anti-acrolein samples were standardized by their corresponding anti-actin samples before proceeding to statistical analysis. A bicinchoninic acid (BCA) protein assay was also performed before the experiment to ensure equal loading of the samples.
Immunofluorescence imaging
Mice were perfusion fixed with 4% paraformaldehyde and the vertebral columns were removed and fixed in 4% paraformaldehyde overnight. Spinal cord tissues were extracted out of the vertebral column, cut into 1 cm pieces, and further fixed in 4% paraformaldhyde for 24 -48 h. The samples were cryoprotected by incubating for 24 h in a 10% sucrose solution, followed by 24 h in a 20% sucrose solution. The samples were then imbedded in Tissue-Tek OCT compound (VWR, Batavia, IL, USA) and frozen in liquid nitrogen. 15 m sections were cut using a cryostat and mounted on gelatin coated slides. Sections were incubated with 5% goat serum and 0.5% Triton-X100 in phosphate buffered saline (PBS) for 30 minutes as blocking agents. After washing three times with PBS for 5 min, the sections were incubated in the primary antibody for 1 h at room temperature (RT). The sections were washed again for an additional 10 min and then incubated in the secondary antibody for 1 h at RT. After a 15 min wash the sections were labeled by FluoroMyelin TM Red fluorescent myelin stain (Invitrogen, CA, USA) for 30 min and washed. All sections were observed by fluorescence microscopy. For quantification, the thoracic sections were imaged, and Adobe Photoshop was used to outline the demyelination area and the total white matter area. Pixel area for each sample was calculated and the percentage of demyelination was obtained by dividing the total demyelinated area by the total white matter area. Averages were obtained of the percent demyelination in three thoracic cross-sections for each animal. For each of the three groups, (control, EAE, EAEϩHZ), three animals were used for immunofluorescence quantification.
RESULTS

Acrolein protein adducts increased in EAE mice spinal cord
Whole spinal cord tissue from control mice (nϭ3), EAE mice (nϭ3), and EAE mice treated with hydralazine (HZ) (nϭ3) were collected and examined for acrolein protein adducts using an immunoblotting assay (Fig. 1) . Acrolein levels were determined at the conclusion of the experiment. The acrolein-lysine adduct levels were significantly increased in EAE mice spinal cord (20.27Ϯ3.0 a.u.) com- Fig. 1 . Immunoblotting showed increased acrolein-lysine adduct level in EAE mice spinal cord. The acrolein-lysine adducts in control (nϭ3), EAE mice (nϭ3) and EAEϩHZ mice (nϭ3) spinal cord were detected using Bio-Dot SF Microfiltration Apparatus. Loading controls were performed by Western blot using anti-actin antibody. Band intensities were analyzed using ImageJ (NIH) and are expressed in arbitrary units. Photograph (A) shows a representative blot for each condition. Bar graph (B) demonstrated that the acrolein-lysine adduct level in EAE mice spinal cord (20.27Ϯ3.0 a.u.) was significantly higher than control (12.30Ϯ1.3 a.u., PϽ0.05). The acrolein-lysine adduct in EAEϩHZ mice spinal cord was 15.14Ϯ1.6 a.u. One way ANOVA and post hoc tests were used for statistical analysis. All data are expressed as meanϮSEM. pared to control healthy mice (12.30Ϯ1.3 a.u., PϽ0.05). The average acrolein-lysine adduct level in HZ treated EAE mice (15.14Ϯ1.6 a.u.) was noticeably lower than that in EAE mice, though not significant (Fig. 1) .
Hydralazine delayed the onset of EAE mice symptoms and reduced the severity of the paralysis
In this experiment, one group of EAE mice were injected with HZ (EAEϩHZ) at the dose of 1 mg/kg daily starting from the day of induction (nϭ11). In the sham-treated group (EAE), equal amount of saline were injected daily (nϭ12). Both HZ and saline treatments were carried out for 30 days post induction. The behavioral scores of the two groups of mice were recorded daily ( Fig. 2A) . All the mice in the EAE group showed symptoms of motor impairment as evaluated with the 5-point behavioral test. Nine of 11 mice in the HZ-treated group developed behavioral deficits. However, the behavioral deficits in the HZ-treated group emerged significantly later than in the sham-treated group. Specifically, the average onset of symptoms for the EAEϩHZ group was 21.73Ϯ2.1 days post induction, which was significantly longer than the EAE group (15.42Ϯ0.4 days post emulsion injection, PϽ0.01, Fig. 2B ). The onset of symptoms for the two mice that did not develop behavioral deficits was considered to be at least 30 days post induction. In addition to onset, the severity of the symptoms in EAEϩHZ group was significantly lower than the EAE group daily starting from 17 days post induction (PϽ0.01, Fig. 2A ). When the highest score for each mouse was taken and averaged within each group, EAEϩHZ group had a significantly lower average behavioral score (1.72Ϯ0.4) than the EAE group (3.33Ϯ0.3, PϽ0.05, Fig.  2C ). No serious hypotension was detected following the treatment of hydralazine in both normal and EAE mice. Specifically, the average systolic pressure of normal mice is 125.6Ϯ3.6 mm Hg (no hydralazine) and 118.5Ϯ6.4 mm Hg (with hydralazine) (nϭ4, PϾ0.05). The average systolic pressure of EAE mice is 153.9Ϯ5.0 mm Hg (no hydralazine) and 134.8Ϯ4.5 mm Hg (with hydralazine) (nϭ3, PϾ0.05).
Hydralazine treatment lessening the demyelination area on spinal cord cross section
The thoracic segment of spinal cord samples harvested from Control, HZ-treated (EAEϩHZ), and Sham-treated mice (EAE) were cut in 15 m cross sections and labeled with NF200 (green, denote axons) and fluoromyelin (red, denote myelin) (Fig. 3A) . Total white matter area and demyelination area were measured and the percent of demyelination was estimated as outlined in Fig. 3B . Control sections showed no signs of demyelination or axonal loss. The percent of demyelination in white matter was compared between EAE and EAEϩHZ groups. The HZ treatment significantly decreased demyelination area from 25.58Ϯ3.8% (sham-treated) to 5.10Ϯ4.2% (nϭ3, PϽ0.05, Fig. 3C ).
DISCUSSION
In previous studies we demonstrated that acrolein increased significantly in spinal cord injury (Luo et al., 2005a; Hamann et al., 2008b; Hamann and Shi, 2009 ) and that anti-acrolein treatment offered significant structural and functional benefits (Hamann et al., 2008a ). In the current study, we show that acrolein is likely an important pathological factor in MS pathogenesis as well. First, acrolein-lysine adduct increased significantly in EAE mice when motor behavioral deficits emerge. Secondly, treatment with the acrolein scavenger, hydralazine, alleviated behavioral deficits, reducing the severity and delaying the onset of the motor deficits in EAE mice. In addition to behavioral improvement, we also noted a significant reduction of demyelination in white matter of spinal cord. To the best of our knowledge, this is the first evidence indicating that acrolein is likely a critical factor in the pathogenesis of MS. Furthermore, anti-acrolein treatment appears to be an effective therapeutic strategy to curtail the progression of symptoms in EAE mice.
Acrolein's ability to damage proteins, lipids, DNA, and to generate more free radicals is well established (Esterbauer et al., 1991; Adams and Klaidman, 1993; Uchida et al., 1998b; Kehrer and Biswal, 2000; Shi, 2004, 2005; Luo et al., 2005a,b; Shao et al., 2005a,b) . Therefore, acrolein-mediated pathology in MS is likely mediated through multiple mechanisms. Primarily, acrolein likely breaks down the myelin sheath by attacking lipids and proteins, the main components of myelin (Morell and Quarles, 1999) . However, since acrolein has been implicated in calpain activation, (Liu-Snyder et al., 2006) , it is also possible that acrolein leads to enzymatic damage of myelin . The reduction of EAE induced demyelination in spinal cord by anti-acrolein treatment is consistent with a causal role of acrolein in myelin damage.
Acrolein may also contribute directly to axonal degeneration, another major MS pathology (Trapp et al., 1998 (Trapp et al., , 1999 Trapp and Nave, 2008) . This is due to acrolein compromising the axonal membrane and consequently triggering axonal degeneration (Shi et al., 2002; Luo and Shi, 2004) . Such axonal damage can be further exacerbated through acroleinmediated oxidative stress and mitochondrial dysfunction, known mechanisms of acrolein toxicity (Adams and Klaidman, 1993; Luo et al., 2005b; Luo and Shi, 2005) . Therefore, anti-acrolein treatment may reduce both acrolein-mediated myelin damage as well as acrolein-mediated axonal damage. Taken together, acrolein is likely a major factor in MS that contributes to multiple mechanisms of demyelination, axonal degeneration, and functional loss.
Hydralazine is known to neutralize free acrolein (Burcham et al., 2000 (Burcham et al., , 2002 Kaminskas et al., 2004a ) and acrolein-protein adducts (Burcham et al., 2004; Kaminskas et al., 2004b; Burcham and Pyke, 2006) , both of which are cytotoxic. When injected at a concentration of 1 mg/kg body weight, a dosage known to be safe and effective in trapping acrolein (Kaminskas et al., 2004b) , hydralazine significantly reduced behavioral deficits in EAE mice. The therapeutic effect of hydralazine in EAE is likely attributed to the trapping of acrolein. First, hydralazine is known to bind acrolein (Burcham et al., 2000 (Burcham et al., , 2002 Kaminskas et al., 2004a) . Second, acrolein levels tended to decrease in the presence of hydralazine (Fig. 1) . Third, it has been shown that hydralazine is not Fig. 3. (A) A representative sample of spinal cord cross section that were stained with Fluoromyelin (red) and anti-NF200 (green). Control sections showed no signs of demyelination or axonal loss. EAE sections showed demyelinated lesions and axonal loss. EAEϩHZ treated sections also showed demyelinating lesions and some axonal loss, but noticeably less extensive than EAE. (B) Methodology used to quantify spinal cord lesions. Total white matter area and lesion areas were manually outlined and pixel area calculated. Percent demyelination was calculated by dividing total demyelinated area by total white matter area. (C) Histogram showed quantitative analysis of percent demyelination of EAE and EAEϩHZ treated mice. EAEϩHZ treated mice had significantly less demyelination compared to EAE mice (PϽ0.05). Data are expressed as meanϮSEM. Scale barϭ500 m. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
an effective superoxide scavenger (Hamann et al., 2008a) . Thus, the neuroprotective effect of hydralazine demonstrated in this study is most likely due to scavenging acrolein rather than scavenging free radicals.
The effectiveness of hydralazine in the current study also suggests anti-acrolein treatment is a novel therapeutic regime to attenuate acrolein-mediated pathology in MS. The feasibility is further highlighted by the fact that there are multiple acrolein blocking agents, including hydralazine and phenelzine, which are FDA approved medications (Burcham et al., 2002 (Burcham et al., , 2004 Kaminskas et al., 2004a; Wood et al., 2006) . Therefore, we predict that such a therapeutic strategy can be rapidly translated to the clinic for MS patients. Furthermore, other neurodegenerative diseases and trauma where oxidative stress has been implicated (Shibata et al., 2000; Lovell et al., 2001; Montine et al., 2002; Luo et al., 2005a; Hamann et al., 2008b; Hamann and Shi, 2009 ) may also benefit from such treatment.
